Objective-The purpose of this study was to evaluate contrast-enhanced ultrasound and neural network data classification for determining the breast cancer response to bevacizumab therapy in a murine model.
delivery of both ultrasound contrast agents (UCAs) and chemotherapeutic agents. Because VEGF-driven angiogenesis is a process critical in the early stages of tumor development, anti-VEGF treatments are ideally administered early in cancer therapy to improve progression-free survival. 6 In addition to preventing angiogenesis, inhibition of the VEGF signaling pathway increases effectiveness of combinational therapies likely through normalization of the tumor vasculature network and reduction of tumor interstitial pressure, 4, 7 thereby allowing improved delivery of chemotherapeutic drugs. 8 Bevacizumab is a recombinant humanized monoclonal antibody to VEGF and has emerged as a promising treatment option for the management of breast cancer and other cancer types. 6, [9] [10] [11] [12] Unfortunately, not all patients respond to bevacizumab therapy. 13 It has been proposed that bevacizumab drug resistance and continued tumor growth may be due to the advanced state of tumor development whereby compensatory mechanisms for angiogenesis have emerged. 1, 14 Selection of only those patients likely to benefit from bevacizumab therapy would be ideal, but no proven predictive factors for VEGF-targeted therapy have been identified to date.
Traditional gray scale ultrasound imaging is one of the most frequently used clinical imaging modalities. The primary advantages of this imaging method are minimal health risks associated with patient exposure to ultrasonic energy, real-time capability, and the relatively low cost associated with both examinations and system maintenance. A recent advance in ultrasound imaging has been the development of UCAs. These microbubbles are subcapillary sized gas-filled spheres. The use of a low-diffusivity gas and a thin stabilizing shell (lipid or protein based) permits a circulatory lifetime on the order of tens of minutes. Because of a large acoustical impedance difference between intravascular UCAs and the surrounding blood, they are excellent ultrasound scatterers. Ultrasound contrast agents, therefore, improve ultrasound sensitivity to slow blood flow in small vessels such as those associated with tumor neovasculature.
In response to an ultrasonic field, UCAs undergo an oscillatory movement (or resonate), a process called stable cavitation. Under sufficiently high ultrasonic pressures (50-200 kPa), this can lead to nonlinear scattering and generation of echoes with frequency components at multiples of the transmit frequency. 15 These harmonic signals can be selectively isolated from the ultrasonic signals using various signal-processing and pulsing techniques, forming the basis of many contrast-enhanced ultrasound (CEUS) imaging techniques. Because these signals are less pronounced in tissue, harmonic-based CEUS imaging techniques yield improved microbubble-to-tissue contrast levels. In fact, power modulation (or pulse inversion) harmonic imaging is a relatively new technique with demonstrated improved image contrast over other ultrasound-based fundamental (ie, traditional gray scale) and harmonic imaging strategies. 16 Moreover, power modulation harmonic imaging (PMHI) takes advantage of the unique nonlinear resonant behavior of UCAs for further improvements in microbubble detection sensitivity. 17 The ability to visualize UCAs traversing tumor vasculature introduces a unique opportunity for quantifying tumor perfusion and flow kinetics. Because UCAs are sensitive to ultrasound exposure, insonation at high mechanical index (MI) levels is known to cause rapid microbubble destruction. 18, 19 Therefore, UCAs within an imaging field can be destroyed by a short sequence of high-MI (>0.8) pulses followed by visualization of UCA replenishment within that tissue region using low-MI (<0.2) ultrasound imaging. This destructionreplenishment technique allows analysis of the resultant time-intensity curves derived from a sequence of ultrasound images after microbubble destruction. 20, 21 An artificial neural network (ANN) is a nonlinear modeling technique inspired by the information-processing and learning behavior of biological nervous systems. In the past, neural networks have been used in conjunction with medical image analysis (findings) to categorize input patterns into 2 or more classes, such as benignity or malignancy, of breast 22, 23 and prostate 24 tumors. By using histologic findings (eg, microvessel density [MVD]) as an objective measure (reference standard) of the breast cancer response or no response to bevacizumab therapy, ultrasound-based tumor metrics may be formulated in a neural network context to reveal patterns suggestive of therapeutic efficacy.
In this study, we investigate the feasibility of using CEUS for characterizing blood flow in a breast cancer xenograft model. Combined with ANN data modeling and trend recognition capability, a method for determining the breast cancer response to bevacizumab is introduced and analyzed.
Materials and Methods

Cell Culture
The 2LMP metastatic subclone of the human breast cancer cell line MDA-MB-231 was obtained from Donald Buchsbaum, PhD (University of Alabama), and maintained in Dulbecco's modified Eagle's medium (Mediatech Inc, Manassas, VA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT). Cells were cultured in 75-cm 2 flasks. At approximately 80% confluency, cells were harvested by trypsinization, counted with a hemocytometer, and diluted to a final concentration of 10 × 10 6 cells/mL.
Animal Preparation
Animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Alabama. Twenty-five 4-week-old nude athymic mice (The Jackson Laboratory, Bar Harbor, ME) were implanted with 1 × 10 6 cancer cells in bilateral inguinal mammary fat pads. Approximately 3 weeks after cell implantation (ie, day 0) a group of animals (n = 15) received a 0.1-mg intraperitoneal injection of bevacizumab (Genentech, South San Francisco, CA). The remaining animals functioned as experimental controls (n = 10), receiving an equivalent intraperitoneal injection of saline only.
Ultrasound Imaging
Contrast-enhanced ultrasound images were acquired in all animals before bevacizumab administration and at 1, 2, 3, and 6 days thereafter. Approximately 3 to 5 minutes after a 30-µL bolus tail vein injection of a perflutren microsphere UCA (Definity; Lantheus Medical Imaging, North Billerica, MA) diluted to 100 µL with saline, scanning was performed by an experienced sonographer using an iU22 scanner (Philips Healthcare, Bothell, WA) equipped with an L9-3 transducer. Tumors were imaged in the transverse plane of the largest tumor dimensions. A gray scale ultrasound image was acquired for tumor size monitoring. Subsequently, a low-power (MI = 0.07) PMHI technique was used to show tumor perfusion after UCA destruction from the image plane by a multiframe (n = 5) high-power "flash" sequence (MI = 0.7). Uncompressed digital images (Digital Imaging Communications in Medicine format) were acquired for at least 20 seconds, allowing sufficient time for tumor reperfusion. 25 All imaging was performed under isoflurane anesthesia (1%-2%) on a temperature-controlled heating pad (37°C).
Immunohistologic Analysis
After ultrasound imaging on day 6, animals were humanely euthanized, and tumors were surgically excised. Using established protocols, sectioned tumors underwent staining with hematoxylineosin (H&E) and CD31 antibody 26 for quantification of tumor necrosis and MVD, respectively. Histologic specimens were reviewed by a board-certified anatomic pathologist blinded to the experimental groups. Hematoxylin-eosin-stained sections were examined for cellular necrosis and reported as the percentage of the entire tumor cross section (original magnification ×40). Each CD31 section was examined (original magnification ×40) to identify 5 separate areas containing the greatest number of microvessels. Individual vessels from these 5 areas were counted (original magnification ×200), averaged, and recorded as MVD. 27 
Data Processing
Custom programs were developed using the programming software package MATLAB (The Mathworks, Natick, MA) that allowed processing of ultrasound image data. User placement of a 0.75-cm-diameter circular region of interest (ROI) necessitated subjective interpretation of tumor location. A relatively large ROI was chosen to capture blood flow in adjacent tissue and to allow for tumor growth throughout the study period. After ROI placement, individual time-intensity curves (from each spatial location within the ROI) were generated from a 20-second sequence of CEUS images. The first frame of data after UCA destruction was used to normalize all sequential images. Subsequently, an averaged time-intensity curve was generated and used to derive the following descriptive tumor perfusion metrics, namely, area under the curve (AUC), peak intensity (I PK ), and time to peak intensity (T PK ). Tumor sizes (circumferential area) were measured from gray scale ultrasound images (acquired before PMHI) using a semiautomatic segmentation algorithm 28 implemented in MATLAB.
Contrast-enhanced ultrasound-derived tumor perfusion metrics and size measurements were modeled using a multilayer feedforward neural network (MLFN) implemented using the software package NeuralTools 5.5 (Palisade Corp, Ithaca, NY). Immunohistologic measures of MVD were classified as the dependent categorical variable whereby an average MVD threshold was used to classify the response (or tumor exposure) to bevacizumab therapy. Using different neural network configurations (2-25 nodes in a hidden layer), network training was conducted on randomized data sets (60% of cases) to give the most accurate prediction. The remaining data (40% of cases) were used for model testing and predicting known output values (ie, tumor response to therapy or lack thereof). A schematic diagram of the MLFN architecture is illustrated in Figure 1 . Variable analysis provided insight into the impact of these metrics. Model accuracy was determined by the number of incorrect predictions and reported as the percentage of total cases.
Statistical Analysis
For each animal, the tumor exhibiting the greatest intratumoral blood flow on day 6 was selected for evaluation because bilateral CEUS-based tumor metrics have been shown to be statistically correlated. 21 All experimental data were summarized as mean ± SD and reported as a percent change from baseline. Spearman rank correlation analyzed data relationships. A 2-sample t test evaluated statistical differences between control and therapy animal group results. Findings with P < .05 were considered statistically significant. All data was analyzed using either Excel (Microsoft Corporation, Redmond, WA) or an independent statistical software add-in (StatTools 5.5; Palisade Corp).
Results
The use of microbubble destruction-replenishment techniques allows real-time visualization of tumor perfusion and blood flow patterns. A representation of tumor perfusion immediately after UCA destruction in an orthotopic 2LMP xenograft is detailed in Figure 2 . After UCA destruction from the imaging plane, microbubbles slowly reperfuse the tumor and surrounding vasculature. Analysis of tumor time-intensity curve details (eg, AUC, I PK , and T PK ) derived from a multiday study introduces a potential strategy for monitoring changes in tumoral vasculature and efferent blood flow in response to antiangiogenic therapies.
Before treatment, there were no statistically significant differences in tumor sizes between the two animal groups (P = .74). The same was true at days 1 (P = .21), 2 (P = .15), and 3 (P = .30) from baseline. By day 6 of this study, however, control tumors were found to be statistically larger than those treated with bevacizumab (P = .029). The observed progressive change in tumor sizes (relative to baseline measurements) is summarized in Figure 3 . These results indicate that bevacizumab therapy inhibited breast cancer growth on average by nearly 60% over the course of the study period.
Contrast-enhanced ultrasound tumor perfusion metrics derived from both control and therapy group animals are plotted in Figure 4 . At baseline, there were no statistically significant differences between any control and therapy group metrics (P > .51). Inspection of Figure 4 reveals that bevacizumab-treated tumors exhibited an abrupt (but transient) increase in both the AUC and I PK metrics compared with the decreasing trend of the control group. Specifically, control and therapy group-based AUC and I PK metrics were significantly different at both days 1 (P < .015) and 2 (P < .011), whereas no statistically significant differences remained by days 3 (P > .41) and 6 (P > .63) of this study. Conversely, decreasing trends in the T PK metric were less distinct, and no significant differences between the two animal groups were observed (P > .053). Figure 5 illustrates H&E and CD31 immunohistochemical results from day 6. Representative H&E sections reveal discernible focal necrosis in both control and bevacizumab-treated tumors. Necrotic areas in control tumors are attributed to high proliferative activity and increased levels of hypoxia due to elevated intratumoral pressures and reduced blood flow. Conversely, necrosis in bevacizumab-treated tumors may be attributed to microvessel pruning (compare Figures 4B and 5A ), reduced intratumoral blood flow, and similar increased hypoxic cellular conditions. A summary of immunohistologic results for both tumor groups is presented in Figure 6 . As the results show, MVD counts were significantly higher in the control group versus the bevacizumab-treated tumor group (P = .004). Analysis of tumor necrosis reveals considerable levels for both tumor groups but no statistically significant differences (P = . 17 ).
An analysis of ultrasound and histologic data from day 6 of this study was conducted to identify any correlation between end point variables. Using the control tumor data, no significant correlations between MVD and either AUC (r = 0.24; P = .51) or I PK (r = 0.26; P = .47) metrics were discovered. However, trends toward significance in the correlation of MVD and either AUC (r = −0.48; P = .069) or I PK (r = −0.48; P = .071) metrics were found in therapy tumor data. These results suggest an inverse relationship between ultrasoundbased tumor perfusion metrics and MVD. Although no significant correlation existed between the control tumor area and MVD (r = 0.47; P = .17), a trend toward a significant correlation was found between the bevacizumab-treated tumor area and MVD (r = 0.48; P = .072). This relationship indicates that the size of a treated tumor is proportional to the density of intratumoral microvessels. Figures 3 and 4 reveals discernible differences between control and therapy-derived tumor metrics. Although differences may be transient in nature, such information may prove valuable in assessing the breast cancer response (or lack thereof) to antiangiogenic therapy. To that end, we evaluated the use of ANNs applied to ultrasound-based tumor metrics for determining the breast cancer response to bevacizumab therapy. Given histologic information from this study, it was subjectively determined that an average MVD count of 25 vessels was the clearest delineation between the control and therapy tumor groups. Using this threshold as the criterion for a tumor response (ie, MVD <25) or no response (ie, MVD ≥25) to bevacizumab therapy, ultrasoundbased metrics were modeled using a MLFN. Note that control data were modeled as a therapy nonresponder despite not being administered bevacizumab. To standardize animal preparation, this approach was chosen in lieu of selecting a second breast cancer cell line with low-level VEGF receptor expression.
Inspection of the ultrasound results presented in
Changes in ultrasound-based tumor perfusion (ie, AUC, I PK , and T PK ) and size data throughout the 6-day study were optimally modeled using an MLFN with 10 nodes in the hidden layer. Although training produced 0% incorrect predictions, neural network testing resulted in a false prediction rate of 20% in the testing sample. Noting that the most significant changes in experimental data occurred within 3 days of bevacizumab dosing, the MLFN was retrained using this reduced data set. Consequently, the optimal MLFN configuration contained 8 nodes in the hidden layer. Prediction errors were 0% for the training (n = 15) and 10% for the testing (n = 10) cases. A variable-impact analysis discovered that the trained neural network is more sensitive to changes in the AUC and I PK metrics compared with the T PK . Interestingly, initial changes in tumor size after therapy had the least impact on neural network configuration. This suggests that measurements of physical tumor size may be necessary but not sufficient to assess the breast cancer response to bevacizumab therapy.
Discussion
Antiangiogenic drugs such as bevacizumab effectively disrupt tumor development by blocking the VEGF signaling pathway. Although the exact mechanisms are still being unraveled, VEGF inhibition leads to vascular normalization and a reduction of intratumoral pressure, which can restore tumor blood flow to various degrees. Because UCAs are excellent intravascular tracers, their application for assessing changes in tumor vasculature and blood flow appear well suited. In this study, the use of CEUS for determining the tumor response to bevacizumab therapy was investigated in a breast cancer murine model.
Experimental results revealed an abrupt and significant increase in the CEUS-derived AUC and I PK tumor perfusion metrics after a single bevacizumab dose compared with controls. An analysis of these same metrics from day 6 of the study revealed that this difference between control and therapy tumor data had abated (P > .63). Collectively, these observations suggest that the antivascular effect of a single dose of bevacizumab in a breast cancer murine model is transient. Conversely, no significant changes in the T PK metric were observed (P > .053) throughout the study, suggesting that the T PK metric alone may be insufficient to describe transient changes in tumor vascularity.
A comparable study by Dickson et al 8 using a neuroblastoma murine model evaluated the tumor response to a single dose of bevacizumab. Using CEUS and a time-intensity curvederived I PK metric, this group noted similar trends in tumor perfusion in response to antiangiogenic therapy. Specifically, treated tumors exhibited significant increases in an I PK metric compared with control tumors on days 1 (P = .01) and 3 (P = .03) after bevacizumab dosing. However, no significant differences in tumor perfusion were found between bevacizumab-treated and control tumors on day 7 (P = .92). The transient nature of the change in tumor perfusion after bevacizumab dosing is highlighted by these corroborating studies.
Inspection of tumor growth data (see Figure 3) revealed that by day 6 of the study, bevacizumab-treated tumors were significantly smaller than controls (P = .029).
Interestingly, several research articles document a progressive shrinking of tumor size in response to bevacizumab therapy, 29, 30 whereas others describe an increase in tumor volume. 8, 21, 27 This disparity in the antitumor effect of bevacizumab treatment can be attributed to several experimental variables such as the strain of the murine model, the specific breast cancer cell line, mouse and tumor ages, and therapy dosing.
Histologic analysis of tumor sections revealed discernible focal necrosis in both control and bevacizumab-treated tumors. In bevacizumab-treated tumors, there was a significantly lower MVD count compared with controls (P = .004). In accord with these findings, it was shown in a neuroblastoma xenograft murine model that bevacizumab-induced transient remodeling of tumor vasculature is associated with drastic changes in measurements of MVD. 8 It was shown that after a single bevacizumab dose, a progressive decrease in MVD occurred that equated to a more than 70% reduction within 7 days. Measured experimentally, this change in MVD coincided with a rapid decrease in both tumor vessel permeability and tumor interstitial fluid pressure, thereby increasing tumor perfusion. These results reflect an earlier study by Inai et al 30 that also reported a more than 70% decrease in tumor MVD after 7 days using the VEGF signaling inhibitor AG013736. Although our histologic analysis was limited by the use of a single section to quantify MVD in each tumor, results presented by both Dickson et al 8 and Inai et al 30 corroborate and add further insight to our observed increase in tumor perfusion as measured using the AUC and I PK metrics.
Transient trends in tumor perfusion data and physical size were modeled using a neural network data classification scheme. Permutations of input data revealed that tumor perfusion data within 3 days of bevacizumab dosing in a murine model were sufficient to minimize the prediction error in the testing group to 10%. Although the breast cancer response to bevacizumab therapy was predicated on a subjective threshold measure of MVD and a very limited number of experimental cases, preliminary results are encouraging. To be deemed clinically feasible, more research in both animal models and humans is warranted. Notwithstanding, these results suggest that neural network modeling applied to noninvasive ultrasound-based tumor information may be a useful strategy for predicting the breast cancer response to bevacizumab therapy.
In conclusion, treatment of breast cancer-bearing mice with a single dose of bevacizumab is transient and appears to last only a few days. This tumor response was characterized by restricted tumor growth and a significant change in tumor blood flow. Moreover, these antiangiogenic effects were determined noninvasively using ultrasound-based techniques and data classification. Therefore, CEUS may be a useful tool for monitoring the restoration of blood flow to breast cancer and determining the response to bevacizumab therapy. Architecture of the MLFN for predicting the breast cancer response to bevacizumab therapy. Changes in normalized tumor size for control and bevacizumab-treated animal groups. Microbubble-enhanced ultrasound tumor perfusion metrics, namely, AUC (a), I PK (b), and T PK (c), mapped as a function of time. Microbubble perfusion was derived from averaged time-intensity curves for the corresponding day. Summary of immunohistologic results from control and therapy group tumors. Results are depicted for both MVD counts and percent intratumoral necrosis.
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